Pigeon liver malic enzyme has an N-terminal amino acid sequence of Met-Lys-Lys-Gly-Tyr-Glu-. In this work, various mutants of the enzyme with individual or combinational deletion (∆) or substitution at these amino acids were constructed and functionally expressed in Escherichia coli cells. A major protein band corresponding to an M r of 65 000 was observed for all recombinant enzymes in sodium dodecyl sulfate polyacrylamide gel electrophoresis. However, when examining by polyacrylamide gel electrophoresis under native conditions, the recombinant enzymes were found to possess a tetrameric structure with M r~2 60 000 or a mixture of tetramers and dimers with the exception of ∆(K2K3G4) and ∆(1-16) mutants, which existed exclusively as dimers at the protein concentration we employed. K3A and K3E also dissociated substantially. K(2,3)A was a tetramer but K(2,3)E essentially existed as dimers. All tetramers and dimers were enzymatically active in the gels. All mutants displayed a similar apparent K m value for NADP ⍣ . The apparent K m for L-malate and Mn(II), on the other hand, was increased by 4-27-fold for the ∆(K2/K3) and the ∆(1-16) mutants. The small binding affinity of ∆(K2/K3) with Mn(II)-L-malate was specific. With additional deletion at positions 3 and/or 4, the ∆(K2K3), ∆(K2G4/K3G4) or ∆(K2K3G4) mutants exhibited similar kinetic properties for the wild type. The lysine residues at the positions 2 or 3 seem to be crucial for the correct active site conformation. The results indicate that the N-terminus of malic enzyme is located at the Mn(II)-L-malate binding domain of the active center and is also near the subunit's interface. These results were interpreted with our asymmetric double-dimer model for the enzyme in which the N-terminus was involved in the head-to-tail monomer-monomer interactions but not the dimer-dimer interactions.
Introduction
Cytosolic malic enzyme (EC 1.1.1.40) catalyzes the reversible oxidative decarboxylation of L-malate to give CO 2 and pyruvate, with concomitant reduction of NADP ϩ to NADPH: NADP ϩ ϩ L-malate Mn 2ϩ CO 2 ϩ pyruvate ϩ NADPH ϩ H ϩ In avians, the major physiological function of this enzyme is believed to provide NADPH for fatty acid biosynthesis (Frenkel, 1975; Goodridge et al., 1989) . The enzyme from pigeon liver is a tetrameric protein composed of four chemically identical subunits with a molecular weight of 62 061 (Kam et al., 1987; Chou et al., 1994) . The quaternary structure of the enzyme might be important for a regulatory mechanism Traut, 1994) .
We have isolated the full-length pigeon liver malic enzyme cDNA and successfully expressed it in Escherichia coli cells . The kinetic properties of the recombinant wild-type enzyme (WT) were almost identical with those for the native form. The complete polypeptide chain of each subunit is composed of 557 amino acids with Met-Lys-LysGly-Tyr-Glu-as the N-terminus, which is unique for the avian malic enzymes (Hsu et al., 1992; Chou et al., 1994) .
To explore the importance of N-terminal amino acid residues of malic enzyme, we have constructed a recombinant truncated enzyme lacking the 2-13 amino acid residues. Our results demonstrated that the truncated enzyme has K m values for Lmalate and Mn 2ϩ that are over 40-fold larger than those for the natural pigeon liver malic enzyme or the recombinant WT enzyme (Chou et al., 1996a) . Examining the amino acid composition reveals that five amino acids of this missing peptide are positively charged. Among these amino acids, four of them, Lys3, Arg9, His12 and Lys15 have invariant charge in all known malic enzymes.
In this paper, we describe the construction of a new vector that creates recombinant malic enzyme without any tag or fusion protein. Thus the recombinant WT is identical with the natural malic enzyme. Interpretation of the results is now straightforward. Experiments on the mutation around Lys2/ Lys3 are undertaken and the involvement of Lys2/Lys3 in the Mn(II)-L-malate binding and interactions of subunits are characterized.
Materials and methods

Site-specific mutagenesis
Site-directed mutagenesis of pigeon liver malic enzymes was carried out by a polymerase chain reaction (PCR). For generating the mutated cDNA fragments, specific oligonucleotides containing an NdeI site and the desired deletions or mutations were used as the 5Ј-end primers (Figure 1 ). Table I lists the synthetic oligonucleotides used as mutagenic primers. In combination with a universal 3Ј-end primer, 5Ј-CTCGAGTTA-CAGTTTCACTTTCAT-3Ј, which contains the 3Ј-end of the malic enzyme cDNA and XhoI site, the PCR reaction was 
The rbs operon is shown in italic type. The start codon is shown in bold type. The deletion region is shown in dotted underline. The mutation region is underlined. b These deletions will produce the same mutant ∆(K2/K3) or ∆(K2G4/ K3G4).
performed at 94°C for 1 min, 58°C for 1 min and 72°C for 2 min for 30 cycles. These mutant malic enzyme cDNAs were then digested with NdeI and XhoI and inserted into a linear pET-21b (Novagen) vector treated with NdeI and XhoI for protein expression. Both the original T7·Tag and His·Tag functions of the pET-21b vector were destroyed by the ligation method ( Figure 1 ). The recombinant WT malic enzyme is thus identical with the native malic enzyme. All the mutated cDNAs were also examined by dideoxy chain termination sequencing (Sanger et al., 1977) to exclude any unexpected mutations resulting from the PCR.
Expression and purification of the recombinant pigeon liver malic enzymes
The mutated plasmids were transformed into BL21 bacteria. The transformants were incubated in LB medium and induced by 1 mM isopropyl β-D-thiogalactopyranoside (IPTG). The cells were harvested by centrifugation at 5000 g for 5 min. Because the expressed recombinant proteins did not fuse with any tag fragment by the pET-21b vector, after sonication, they were stepwise purified on a Q-Sepharose and an adenosine 2Ј,5Ј-bisphosphate agarose column according to our published procedures (Chang et al., 1991) . All purified enzymes were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to examine the purity. Polyacrylamide gel electrophoresis SDS-PAGE was performed with a 12% polyacrylamide slab gel on a Bio-Rad mini-slab gel apparatus. Electrophoresis was carried out at constant voltage (100 V) for 1 h (Wei et al., 1994) . Electrophoresis under non-denaturing conditions was performed in duplicate with an 8-25% gradient gel in a PharmaciaBiotech PhastSystem at 350 V h as described previously . After electrophoresis, one gel was stained for protein with Coomassie Brilliant Blue R-250 and the other gel plate was stained for enzymatic activity .
Quaternary structure determination of malic enzyme by PAGE under non-denaturing conditions
The tetrameric, dimeric, monomeric and various aggregational forms of malic enzyme are well separated by PAGE in the 1207 absence of SDS . In the present study, no monomer of the recombinant malic enzymes was detected in the PAGE gel under non-denaturing conditions. Some mutants were found to have dissociated into dimers. The distribution of tetramers and dimers of the recombinant malic enzymes was examined by densitometric analysis of the PAGE gels. The calibration lines for tetramers and dimers were constructed as previously described . Fluorescence spectroscopic analysis of the recombinant malic enzymes Fluorescence spectra of the recombinant malic enzymes were analyzed with a Perkin-Elmer LS 50B luminescence spectrometer at 30°C. All spectra were corrected for the buffer absorption. The Raman spectrum of water was also corrected. Enzyme assay Malic enzyme activity was assayed according to a published procedure . The formation of NADPH at 30°C was monitored continuously at 340 nm with a PerkinElmer Lambda 3B spectrophotometer. One unit of enzyme activity was defined as the amount of enzyme that catalyzed an initial rate of 1 µmol of NADPH formed per minute under the assay conditions. A molar absorption coefficient of 6.22ϫ10 3 M -1 cm -1 for the NADPH was used in calculations.
Apparent Michaelis constants for the substrate and cofactors were determined by varying the concentration of one substrate (or cofactors) around its K m value and maintaining other components constant. Fitting of kinetic data to an appropriate model was carried out with the EZ-FIT computer program (Perrella, 1988) .
The contribution of mutated amino acid residue in the free energy was estimated by
Because we do not have the K s values, the weakening effect of mutations on the Mn 2ϩ -L-malate binding was estimated by evaluating the apparent K m values (Mildvan et al., 1992) .
Results
Quaternary structure of pigeon liver malic enzyme
The WT and various deletion and substitution mutants of malic enzyme were successfully expressed and purified to apparent homogeneity by two successive Q-Sepharose and adenosine 2Ј,5Ј-bisphosphate columns. A major protein band corresponding to an M r of~65 000 was observed in SDS-PAGE for all recombinant enzymes (data not shown). When excited at 280 nm, the WT displayed a fluorescence spectrum maximum at 332 nm, which is identical with that for the native enzyme (Lee et al., 1988) . The fluorescence spectra of other mutants were similar, but the maximum fluorescence peak exhibited a slight red shift to 335-340 nm. When examining the enzyme by PAGE under native conditions, the recombinant enzymes were found to possess a tetrameric structure with M r ™ 260 000 or mixture of tetramers and dimers. The only exceptions were ∆(1-16) and ∆(K2K3G4), which exhibited only dimeric structure. Figure 2 depicts the gel electrophoresis patterns of some of the mutants. The distinct bands for tetramers and dimers suggest that the dissociation-association reactions have half-lives longer than a few minutes. Both tetramer and dimer were enzymatically equally active, as demonstrated in Figure 2a and c. The Fig. 2 . PAGE of some deletion and substitution mutant malic enzymes under non-denaturing conditions. Malic enzymes were subjected to electrophoresis in 8-25% gradient polyacrylamide gel for 350 Vh. In (a) and (c) the gels were stained for malic enzyme activity and in (b) and (d) they were stained for protein with Coomassie Brilliant Blue. For lanes 1 to 12, the same amounts of protein (0.17 µg per lane) for each mutant, K(2,3)E, K(2,3)A, ∆(K2K3G4), ∆(K2G4/K3G4), ∆(K2K3), ∆G4, K3E, K3A, K2E, K2A, ∆(K2/K3) and WT, respectively, were applied. dimeric K(2,3)E mutant migrates to the cathode further than ∆(K2K3G4), as accounted for by the charge effect (Figure 2 , lanes 1 and 3).
For malic enzyme, the major factors that caused subunit's dissociation are low pH values, temperature perturbation or low ionic strength . At neutral pH and 30°C the enzyme did not dissociate at high protein concentrations. For this reason we can construct calibration lines for the quantitation of monomeric and tetrameric malic enzymes in SDS-PAGE gel over a wide range of protein concentrations . For recombinant malic enzyme, similar results were obtained. The protein concentrations used in this study are in a range (25-100 µg/ml) that did not induce enzyme dissociation.
The above results demonstrate that, for the first time, we were able to construct mutants ∆(1-16) and ∆(K2K3G4), which existed exclusively as dimers. To ascertain that the enzyme is not dissociated during electrophoresis, we crosslinked the associated subunits with glutaraldehyde and then the enzyme solution was subjected to SDS-PAGE Huang and Chang, 1992) . The tetrameric WT and dimeric forms of ∆(K2K3G4) were confirmed as shown in Figure 3 over a fourfold range of protein concentration. Between these two dimeric mutants, we chose ∆(K2K3G4) to construct the calibration line for dimers because some of the amino acid residues involved in binding with the dye might have been deleted in the ∆(1-16) mutant. We found that, for unknown reasons, the dimers had a smaller color yield with the dye in the gel. We also scanned the gels that had been stained for enzyme activity; however, the enzyme activity staining results do not correlate well with the assay results in Fig. 3 . Correlation of color yield and protein concentration for the quantitation of tetrameric recombinant WT and dimeric ∆(K2K3G4) mutant malic enzymes in SDS-PAGE gel. At a fourfold protein concentration range, the tetrameric or dimeric enzymes were cross-linked with glutaraldehye . The WT enzyme does not dissociate in the protein range employed. The deleting mutant ∆(K2K3G4) only shows dimer in the PAGE gels.
solution. The activity staining in the gel is therefore inappropriate for quantitatively evaluating the amount of enzyme in gels and was regarded as a qualitative probe only for detecting enzymatic activity in gel.
The concentrations of tetramers and dimers estimated from the densitometric analysis were utilized to estimate the dissociation constant (K TD ) between tetramers and dimers, assuming that electrophoresis process does not affect the system's equilibrium.
The binding energy between D-DЈ interactions, as defined previously Chou et al., 1996b) , was estimated by the following equation:
The tetrameric and dimeric enzyme forms were quantified by densitometric analysis. In integrating the peak areas, each peak was determined in triplicate to minimize systematic errors. We followed the procedure as recommended in the ImageQuant manual by drawing a rectangular bar covering 80% of each protein band and calculating its area. This strategy gave acceptable results. The linearity of color yield and protein concentration shown in Figure 3 indicates that the scanning results are generally reliable. Table II shows the distribution of tetramers and dimers of the recombinant malic enzymes. After proper calculation, we estimated the dissociation constant for the T → D process for all mutants under the conditions we employed in electrophoresis (Table II) . Deletion at K2, K3 or G4 induced partial dissociation. Deletion all three residues caused nearly 100% dissociation with a dissociation constant (K TD ) of at least 229 µM. K3 seems to have more influence on subunit interaction since K2A and K2E are tetramers but K3A and K3E are substantially dissociated. The charge effect of Lys3 might be involved in the subunit interactions because K(2,3)A is a tetramer but K(2,3)E has a dimeric structure. 
Kinetic characterization of the recombinant malic enzymes
, which measures the rate constant for the formation of the productive E·Mn(II)·L-malate·NADP ϩ quaternary complex from free enzyme, Mn(II), L-malate and NADP ϩ , of ∆(K2/K3) and ∆(1-16) were three to four orders of magnitude smaller than that of the WT. The above results clearly demonstrated that the lower enzyme activity of ∆(1-16) is due to the deletion of Lys2/Lys3, thereby implying the prominent role of Lys2/Lys3 in the Mn(II)-Lmalate binding. Interestingly, deletion nearby residues of Lys2/Lys3 restored the deleterious effect of deletion at K2/K3. The kinetic parameters for ∆(K2K3) and ∆(K2K3G4) were found to be similar to those of WT. This finding suggests that the positive charge at K2/K3 residue may play a negative modulatory role in the Mn 2ϩ -L-malate binding or catalysis. Removing this positive charge had a marked effect on the k cat and K m values for Mn 2ϩ and L-malate.
Discussion
Our previous studies (Chou et al., , 1996a have characterized the ∆(2-13) and ∆(2-16) deletion mutants. However, these mutants have a histidine tag or maltose-binding protein attached at the N-terminus. The ∆(1-16) mutant here represents an actual N-terminal truncated mutant of malic enzyme without any residues attached to the N-terminus. The Met17 of the enzyme serves as the starting codon for the translation. The experimental results presented in this paper clearly implicate the location of the N-terminus of malic enzyme near the active center, which is also near the subunits' contacting region. The truncated malic enzyme lacking the first 16 amino acid residues and ∆(K2K3G4) were found to have much larger K mMn , K mMal and K siMal values and to have a catalytic efficiency that is four orders of magnitude smaller than that of the WT. The truncated enzyme exists exclusively as dimers. The N-terminal 16 amino acid residues must therefore contain some critical factors for the Mn(II)-L-malate binding and subunit interactions.
Multiple alignments of the N-terminal domain of malic enzymes from various sources indicate the N-terminal M-K-K-G-Y-E-motif is specific for avian malic enzyme (cf. Chou et al., 1994, and references therein) . Duck has a homologous N-terminal sequence of M-K-R-G-Y-E- (Hsu et al., 1992) . No other malic enzyme with known amino acid sequences has an N-terminal sequence similar to this. The importance of the N-terminus in the Mn(II)-L-malate binding and subunit interactions may apply only to avian malic enzymes. Deletion at position 2 or 3 produces the same mutant protein ∆(K2/K3), which shows markedly different kinetic properties to those of deletions at both positions 2 and 3, ∆(K2K3). The apparent K m for the Lmalate and Mn(II) was increased by 4-27-fold for the ∆(K2/ K3) and the ∆(1-16) mutants. The N-terminus of pigeon malic enzyme should be near the active site region.
We have previously demonstrated that in an acidic environment, the enzyme was reversibly dissociated to its monomers Huang and Chang, 1992) . The cloned malic enzyme with a fused histidine tag was also demonstrated to exist as tetramers at neutral or alkaline pH, but to be dissociated at acidic pH . However, when malic enzyme was fused with a maltose binding protein, it dissociated to dimers at neural pH (Chou et al., 1996b) . The results in this study demonstrate that deleting residues 2-4 or 1-16 causes the protein to dissociate into dimers. Since ∆(K2K3G4) is already 100% dissociated into dimers, the dimeric structure of ∆(1-16) is presumably due to a lack of K2, K3 and G4. Tyr5 may not be involved in the subunit interactions because Y5A existed as tetramers in the gel. However, the involvement of other amino acid residues among positions 6-16 in the subunit interaction remains less clear. Removal of N-terminal 31 and 37 amino acid residues in the dimeric chloroplast malic enzyme from pea and spinach resulted in the formation of active monomers (Ocheretina et al., 1993) . In our case, the similar dissociation constants found for ∆(K2/K3), ∆G4 and ∆(K2K3) imply that mutation can be compensated for within the core of pigeon malic enzyme and illustrates that the protein can compromise potentially destabilizing substitution (Bowie et al., 1990; Wilson et al., 1992) . The dimeric enzyme was enzymatically active, thereby corresponding to our previous results (Chang et al., , 1993 Huang and Chang, 1992) .
More recently, we demonstrated that substituting serine for phenylalanine at position 19 is responsible for the loss of enzyme activity of an abortive triple mutant F19S/N250S/ L353Q . Point mutations at Phe19 yield mutants with decreased affinities for Mn 2ϩ and L-malate, the k cat value is also diminished (Chou et al., 1996b) . This point mutation also induces dissociation of the quaternary structure. Nevertheless, the dissociation of subunits could be due to a steric effect since a maltose binding protein with M r 40 622 was introduced in the recombinant enzymes.
To explain these phenomena explicitly, we propose a working model for the quaternary structure of these recombinant malic enzymes as shown in Figure 4 . The native malic enzyme is presented as an asymmetric double dimer (Figure 4a ) to account for the various kinetic and dissociation observations (Hsu et al., 1976; Chang and Hsu, 1977; Hsu and Pry, 1980; Pry and Hsu, 1980; Dalziel et al., 1983; Lee and Chang, 1990; Huang and Chang, 1992; Chang et al., 1993 Chang et al., , 1994 Chou et al., 1996b) . We propose that the N-terminus is located in a region that connects the two subunits by tail-to-head D-DЈ interactions but not T-TЈ interactions. Our previous results suggest that the geometry of the N-terminus may be determined by the phenyl group of Phe19 as a hinge (Chou et al., 1996b) . The aromatic ring is essential to maintain the flanking region in a correct geometry for the active center. Replacement of this aromatic residue with a less bulky group may place the N-terminus in an improper conformation resulting in an increase in K m for the substrate and a decrease in k cat . A proper ion pair of Lys3 may play an additional critical role in keeping the correct conformation of the N-terminus. A lack of the N-terminus removes the D-DЈ interactions and results in dissociation of tetramers into I-III dimers ( Figure  4b ), which is different from the I-II dimers detected in the pH dissociation studies Huang and Chang, 1992) .
In conclusion, our results indicate that deletion or substitution at Lys2/Lys3 of pigeon liver malic enzyme affects both the kinetic behavior and the quaternary structure of the enzyme. The significance of the present work is twofold. First, we have characterized the possible functional role of Lys2/Lys3 of the enzyme. Second, we are able to construct, for the first time, a I-III dimeric pigeon enzyme which is different from the I-II dimeric form obtained by fusing with a maltose binding protein. These mutants provide a useful tool for evaluating our asymmetric model for the enzyme.
